was a geophysicist who made fundamental contributions to our understanding of gravity and magnetic anomalies and their geological interpretation. His research on the deep structure of the Earth's crust was both pioneering and innovative, and he showed how field geophysical measurements could be used to address geological problems such as the mechanics of granite emplacement, sedimentary basin formation and mountain building. When he began his research, the use of gravity and magnetic anomalies to understand deep crustal structure was in its infancy and largely confined to research laboratories in the oil and gas industry. Four decades later his lifetime efforts have seen the emergence of potential field methods as one of the principal means of constraining the structure, stress state and longterm strength of the Earth's crust and upper mantle in continents and oceans. Martin was an inspiring undergraduate teacher and outstanding supervisor, as reflected by his many research students who went on to prominent leadership positions in academia, government and industry. He leaves a legacy of more than 150 scientific papers in peer-reviewed journals and a lucidly written and beautifully illustrated textbook. As well as his many scientific achievements, Martin was an accomplished mountaineer, a dedicated churchgoer and an avid gardener. He saw no conflict between his science and his enduring Christian faith.
. Martin ca 1952 while a research student at the University of Cambridge.
(Photograph courtesy of Andrew Bott.)
In 1948, after three years of National Service, Martin entered Magdalene College (figure 1). Half-way through his first term he decided to switch from mathematics to natural science with a view to taking Part II Physics, not because he was having difficulty or disliked mathematics, but because his interests were veering this way. He took geology initially as a make-up subject of relevance to his mountaineering interests. His membership of the Cambridge 1949 Spitsbergen expedition, led by W. B. (Brian) Harland, a newly appointed lecturer in the Department of Geology, strengthened this interest. The expedition was certainly adventurous (Harland 1952) ; while Martin was man-hauling a sledge in the Stubendorff Mountains, the sledge crashed through a snow bridge over a crevasse and dragged all five members of the team down about 12 m. Harland broke his ankle, they later found, but the rest of the team were unhurt so they were able to climb out, and over the next three or four days make their way back over the icecap to the base in Brucebyen (Harland skiing on his broken ankle). After a lot of uncertainty Martin decided to take Part II Geology rather than physics, but with a view to doing geophysics eventually. Without mineralogy in the Part I Tripos, he could only take up the palaeontology option, and ended up with a lower second in Part II. He was therefore somewhat fortunate perhaps to obtain a Department of Scientific and Industrial Research (DSIR) grant to continue on at Cambridge as a research student.
While an undergraduate, Martin received support and encouragement from Harland as well as W. B. R. King FRS and P. (Percy) Allen (FRS 1973) (who, in an undergraduate tutorial, first drew his attention to the possibility of a buried granite beneath the northern Pennines). In 1950, the physicist Keith Runcorn (FRS 1965 ) joined the Department of Geodesy and Geophysics, which, like the Department of Geology, was located in the centre of Cambridge. To that point the department had consisted of a marine group, led by Maurice N. Hill (FRS 1962) , a theoretical group, led by Robert Stoneley FRS, and a pendulum gravity group, led by Ben Browne. Runcorn's lectures stimulated fellow student E. T (Ted) Irving (FRS 1979) and Martin to an interest in palaeomagnetism as a possible test of the theory of continental drift. Martin had hoped this would be his research topic, but on return from the 1951 Oxford and Cambridge Spitsbergen expedition, he was disappointed to find that it had already been taken up by Irving! With the option in palaeomagnetism closed, Martin chose instead to work on a project he had discussed earlier with Harland to establish whether there was geophysical evidence for a granite beneath the northern Pennines that might have given rise to the mineralization there. Harland arranged for Martin to work in association with the Department of Geodesy and Geophysics in Cambridge and in tandem with fellow research student D. Masson-Smith (St John's College, Part II Physics).
The two students were to use a gravimeter, designed by Professor Anton Graf and built by the Askania Company in 1942, that had been acquired by the Department as a result of war reparations. They were encouraged by a single gravity profile acquired by J. Hospers and P. L. Willmore (also of Cambridge) that revealed a decrease of gravity from north to south across the northern edge of the Alston block, indicating the possibility of a sub-surface granite. R. I. B. Cooper, a colleague of Hospers and Willmore, was particularly helpful and MassonSmith's instrument ability proved critical to keeping the temperamental Askania working in the field. The main fieldwork (gravity surveying and rock sampling) was carried out during the summer of 1952 and it was while the two research students were acquiring data that they called in on Professor K. C. Dunham (FRS 1955) in Durham University, who had previously mapped the lead-zinc-fluorite-barite deposits of the northern Pennine orefield while he was a research student under the supervision of Arthur Holmes (FRS 1942) . The following summer, Martin acquired further gravity data over the Durham and Northumberland coalfields, this time using a more reliable Worden gravimeter on loan from BP. The new data defined the 'regional background field' and enabled the modelling and geological interpretation of the main discovery, which was the striking Bouguer gravity anomaly 'low' associated with the Alston block. The minimum of the 'low' correlated well with Dunham's central fluorite zone, suggesting a link between the mineralization and the postulated granite, dubbed the Weardale granite.
In addition to the northern Pennine work, Martin was able to acquire new gravity and magnetic data over the exposed granite belt of southwest England, this time jointly with D. Masson-Smith and A. A. Day, demonstrating their considerable extent in depth and interconnection. The survey, which was carried out using a Worden gravimeter on loan from the Geological Survey and Museum, demonstrated that the granites formed 10-12 km thick plutons.
The work in the northern Pennines and southwest England led Martin to a general discussion of the granite problem, then a topic of much geological interest. He found from whole rock density measurements that the Bouguer gravity anomaly 'lows' could be explained by the relatively low density of the granite compared with the relatively high density of adjacent host rocks and that the inferred features of the sub-surface shape, such as depth extent, and attitude of contacts of the anomalous low density body required in order to explain the gravity anomaly, complemented other geological evidence on the structure of the granite.
While carrying out his thesis work, Martin maintained his interest in palaeomagnetism and keenly followed the research being carried out at Cambridge, including the early work of S. K. Runcorn, who had set up a new palaeomagnetism group in the Department of Geodesy and Geophysics in 1950; several members of that group (K. M. Creer, Raymond Hide (FRS 1971 ) and E (Edward). T (Ted). Irving (FRS 1979) Martin knew well. At that time, Runcorn was unconvinced about continental drift, but Harland, Martin's supervisor, was already convinced on geological grounds. There were some stimulating discussions in Cambridge organized mainly by Runcorn. Martin was, like many others at the time, sceptical about continental drift, perhaps swayed by the arguments of Sir Harold Jeffreys FRS who, although retired from the department, continued to be influential. Martin became convinced of continental drift a few years later when Runcorn and his colleagues published the first apparent polar wander curves, which showed North America and Europe were much closer together in the Triassic. The palaeomagnetic evidence was critical for him.
Martin submitted his thesis, entitled The deep structure of Northumberland and Co. Durham, and a geophysical study of the granite problem, in May 1954 and, after examination by O. T. Jones FRS (Internal) and K. C. Dunham (External), he was awarded the DPhil degree a month later. The thesis was notable in that it included two published papers in the Geological Magazine: one on the gravity data that had been acquired over the northern Pennines (1)* and the other on the general association of negative gravity anomalies with granite intrusions (2).
Marriage and family
On 17 April 1961 Martin married Joyce Cynthia Hughes at Lewes, Sussex. They had met two years earlier when helping to staff the Research Scientists Christian Fellowship Marine Biology and Geology course for sixth-formers at Dale Fort, Pembrokeshire.
Joyce's father was John Hughes, who came from Bangor. He served through most of World War I, ending it as a flight lieutenant in the Royal Flying Corps. Later he taught physical education until he had to retire because of injury. Her mother, Nan, came from Northwich, Cheshire.
Joyce initially trained as a teacher, but later graduated in botany from King's College, London. She worked at Swansea University for a few years, later moving to the Freshwater Biological Association, Windermere, where she was assistant to J. W. G. Lund (FRS 1963) , who worked on the freshwater algae of the Lake District. Subsequent to marriage, Joyce did not work full time, but undertook part-time demonstrating and lecturing in the Durham University botany department and took extra-mural classes in botany and biology. Martin and Joyce had three children: Andrew Martin, born 28 August 1962, Nicholas John, born 6 January 1964, and Jacqueline Dorothy Joyce, born 16 January 1966. All three children went on to university and to successful careers. Jacqueline followed in her father's footsteps, taking a BA in geology at St Hughes College, Oxford, followed by an MS in geophysics from the University of Utah. She currently works for the California Geological Survey in the seismic hazard group assessing and mapping earthquake-induced hazards such as caused by liquefaction and landslides.
Durham
In the final year of his DPhil at Cambridge, Martin was invited by K. C. Dunham, then head of the Department of Geology at Durham University, to apply for a Turner & Newall Research Fellowship, one of only eight such fellowships awarded by the Manchester-based manufacturing business to UK universities. His application was successful, and he was selected to teach a lecture and practical course in pure and applied geophysics to final year undergraduates and to conduct research on the deep structure of the Lake District.
Martin spent his entire teaching and research career in the department at Durham, being successively promoted to lecturer (1956), reader (1963) and a personal chair in geophysics (1966) . He served two spells as head of department: 1970-1973 and 1976-1982 (figure 2). For some years he was the only geophysicist in the department, but in the 1960s two further lectureships and then a senior demonstratorship in geophysics became available, much needed in order to cope with the increasing activity in the teaching and research of geophysics.
In being the first to establish geophysics in Durham, Martin was strongly supported by K. C. Dunham, who remained head of department until 1965, when he took over the directorship of the British Geological Survey (BGS). Over the years, Martin enjoyed the support of a wide range of his colleagues: in geology, notably G. A. L. Johnson (stratigraphy) and C. H. Emeleus (petrology); in geophysics from R. E. Long (seismology) and J. H. Peacock (marine geophysics), with whom cooperative seismic and marine geophysical projects were carried out, and for shorter periods on the staff G. K. Westbrook and N. J. Kusznir, whose research interests overlapped with those of Martin. Professors R. Searle, N. Goulty, G. Foulger, C. Peirce and R. Hobbs provided further support after he took early retirement in 1988.
Martin maintained a close working relationship with the technical staff of the Department of Geology, who were collectively involved in building and preparing electronic and other Throughout their time at Durham, Martin and his research students benefitted from excellent computing facilities. He started as soon as a Ferranti Pegasus computer became available at the University of Newcastle (ca 1957) and was one of the first two members of staff at Durham to use this computer (the other being J. L. Crosby, a reader in genetics). He used it first to shortcut the tedious process of calculating gravity terrain corrections (6) and then for gravity and magnetic anomaly modelling (8, 12) (figure 4). Subsequently, the university computing facilities were central to nearly all the work carried out by Martin and his research students. Starting with Pegasus machine programming, the group moved through autocode, Algol and PL-1, finally settling on Fortran.
Martin was at Durham in the late 1960s when the geological sciences underwent a major paradigm shift, later to become known as plate tectonics. Plate tectonics combined the earlier hypotheses of continental drift and seafloor spreading into a single theory. He was fortunate therefore in 1965 to find himself external examiner for the DPhil thesis of F. J. Vine (FRS 1974) at the University of Cambridge, and immediately accepted seafloor spreading at the mid ocean ridges as the obvious mechanism to explain continental drift.
The 1960s and 1970s were an exciting time to be working in geology and the new plate tectonic framework was a strong influence on Martin's subsequent research, although he was not centrally involved in its key discoveries. His focus instead was on the crust of the British Isles and the constraints that gravity and magnetic methods could provide on its structure, stress state and evolution, topics of much scientific as well as societal interest, especially . Simple models for the gravity anomaly associated with different mechanisms of granite emplacement. Forcible intrusion is associated with a gravity anomaly that resembles observations but implies shouldering and uplift of country rocks. 'Stoping' in which the dense country rocks break off and sink through the rising magma is a more plausible model, but produces a 'high', which flattens the 'low' over the granite. If, however, the stoped material sinks to the base of the crust and then loads it, the effect of 'high' is reduced. Such a model, Martin argued, produces a gravity anomaly that is compatible with observations. (Modified from (22)) for resources. Although magnetics had played a major role in the understanding of seafloor spreading and in determining the age of the oceans, gravity had played little or no role and it was not until after plate tectonics that it came into its own through the constraints it provided on plate mechanics and mantle dynamics. Finally, it should be noted that Martin carried out his research almost exclusively in Durham and although he recognized the value of cooperative geological and geophysical research (98), he did not establish links with the major oceanographic institutes in the US, as, for example, Cambridge had with the Scripps Institution of Oceanography, and so he did not have access to the critical gravity, magnetic and topography data sets that were needed to constrain the plate tectonic evolution of the ocean basins.
Martin's main research contributions are summarized in the following sections.
Deep geological structure When Martin moved to Durham from Cambridge in 1954, his research interests were almost entirely focused on deep geological structure, and his first project in extension of his thesis work was to use gravity data to constrain the deep structure of the Lake District, particularly the sub-surface extent of the Eskdale, Shap and Skiddaw granites. His work (with rather delayed publications) demonstrated that granite underlay much of the central and northern parts of the Lake District, connecting the exposed granites at depth (45, 57) . With his first research student, J. Tuson, and much later with research student D. Tantrigoda, he was able to extend his growing interests in deep crustal structure to the Tertiary igneous centres of Scotland, where large amplitude positive gravity anomalies revealed dense intrusions of basic and ultrabasic rocks extending to considerable depths in the crust (38, 73).
In northern England, the focus was more on the Lower Carboniferous depositional hinge lines at the fault-bounded margins of the Alston and Askrigg blocks and the relationship between the postulated granites, hinge lines and later tectonic structure. The climax of this work came in 1960 when K. C. Dunham was awarded a DSIR grant to drill the Rookhope borehole in the centre of the Alston block (9, 10, 13). The borehole proved the existence of the Weardale granite, also demonstrating that it was pre-Carboniferous in age, rather than post-Carboniferous as Dunham had earlier opined. Temperature measurements in the borehole revealed high heat flow, which Martin interpreted as a consequence, at least in part, of high observed radioactivity from the sub-surface granite (36).
Following on from the borehole, arguably Martin's most important contribution on the northern Pennines was (21). This paper summarizes all the geophysical results in the light of the new understanding that the borehole provided, emphasizing the deep structure of the Weardale and Wensleydale granites and the way in which they subsequently influenced the Carboniferous basin, block structure and later tectonics of the region, including their isostatic influence on rock uplift and present day topography.
Martin recognized at an early stage in his career the importance of active source seismic data for verifying gravity and, to a lesser extent, magnetic models of crustal structure. In 1963 he participated as an observer in an offshore/onshore seismic project used to calibrate the United Kingdom Atomic Energy Authority (UKAEA) seismic array station (Agger & Carpenter 1964) , set up at Eskdalemuir in southern Scotland to monitor underground nuclear explosions. The project, which involved the Hydrographic Department of the Royal Navy letting off depth charges in the northern Irish Sea and western North Sea, convinced him how effective and economical such experiments could be in the UK, with its land area surrounded by shallow shelf seas. The Durham group followed this up by planning their own project in collaboration with the UKAEA, the Dublin Institute for Advanced Studies and L'École Normale Supérieure, Paris, to determine the crustal structure beneath the exposed granite belt of southwest England, and this became possible in 1966 when the Royal Navy again agreed to letting off depth charges, this time in the English Channel and Celtic Sea. This was, it is believed, one of the earliest onshore/offshore seismic crustal projects carried out in the UK. Results, with research student A. P. Holder, showed that the crust deformed during the Variscan orogeny in southwest England is relatively thin (∼27 km) compared with crust elsewhere in the British Isles and that the interconnected Cornish granites occupy more than one-third of the crustal thickness (24, 33).
UK continental shelf
A logical extension of the early Durham onshore/offshore seismic experiments was to use ships to explore the continental shelf of the British Isles. In the late 1960s, the deep structure of the shelf was essentially unknown. The BGS was mainly involved in onshore geophysical work and there had been little interest expressed in exploration of the UK shelf by the oil and gas industry, except in the North Sea. With the National Institute of Oceanography (later the National Oceanographic Centre) active on the UK continental slope and rise and the Rockall Plateau, the universities sensed an opportunity and considerable progress was made by them Work at Durham started in a small way in 1959, to trace Lower Carboniferous stratigraphic 'hinge lines' that bounded the granite-cored Alston block onshore, offshore of northeast England using a chartered fishing vessel (figure 5) and a North American gravimeter adapted for remote operation on the seafloor borrowed from Shell (11). This work was then extended to the Irish Sea in 1961 (16, 18), and in 1963-1965 (29) , where gravity anomaly 'lows' revealed for the first time the Permian-Carboniferous basin structure of the Irish Sea to the west and east of the Isle of Man.
In about 1966, the Natural Environment Research Council (NERC), which had just been set up to replace the DSIR, made available the former North Sea stern trawler RRS John Murray for university use (figure 6). The ship proved a challenging platform for geophysical field work, especially in rough seas when she pitched and rolled heavily. Nevertheless, Martin was anxious to use the ship to explore the UK continental shelf. During 1967-1971 he, along with colleagues F. Gray (Cambridge), A. P. Stacey, A. G. McKay and J. H. Peacock, planned upwards of eight expeditions on John Murray, the aim of which was to use a surface-ship gravimeter, a magnetometer, a 'sparker' seismic reflection profiling system and two short seismic refraction profiles to determine the structure of the shelf north of Scotland, particularly the seaward extension of the Moine thrust and Caledonian fold-belt in Scotland, the Walls Boundary Fault in Shetland and the Old Red Sandstone (Devonian) sediments in Orkney (26, 27, 47). The work north of Scotland led to some unexpected results (figures 7 and 8), notably the discovery of a deep sedimentary basin west of Shetland (gravity 'low' E in figure 7) that was bounded to the east by outcrop of Lewisian basement rocks on the seafloor and to the west by a buried basement ridge. The West Shetland Basin and Rona Ridge, as they were later called, proved of particular interest to the oil and gas industry. In 1977, BP discovered oil in Devonian-Carboniferous continental red beds overlying the Lewisian basement on the Rona Ridge. The Clair field, as it is now known, is connected to Shetland by a pipeline and is presently considered to be the UK's greatest offshore resource for oil.
The deep sea
The increased availability of NERC research ships, supplemented by charter ships, in the late 1960s meant that marine geophysical surveys could be extended from the UK shelf into the deep water of the North Atlantic Ocean. Martin, jointly with J. H. Peacock and a number of research students, set up a programme to use gravity, magnetic and seismic reflection and refraction profiling to investigate the deep structure of the aseismic submarine ridge The venture into deeper water brought new challenges, however, not just for RRS John Murray, but for the scientists on board. The use of air guns as a seismic source was still in its infancy and, although 'sparker' sources had proved surprisingly effective for determining the shallow crustal structure, explosives were needed in deeper water in order to improve signal to noise ratios at long source-receiver offsets and record arrivals from deep in the crust and the Moho. This involved scientists handling explosives at sea and in this Martin led from the front, helping to haul them up to the deck from the hold. The help came at a cost though; after returning from one survey, Martin's research students recall him striding down the department corridors bent double (in an inverted 'L'). Such was Martin's commitment to acquire data regardless of the difficulties and personal discomfort, and his research students will always be grateful to him for this.
The work north of Scotland led to two major deep seismic projects: one in the North Atlantic and the other in the Caribbean. The North Atlantic project aimed to use refraction methods to constrain the crustal and upper mantle structure between the Faeroes and Iceland; this was the largest collaborative onshore/offshore experiment that the Durham group had undertaken to date. The project was carried out in cooperation with Danish and German groups, other UK universities and the Russian research ship RV Mikhail Lomonosov, which recorded the explosive shots on ocean bottom seismometers. The project was successful, demonstrating as it did thick Icelandic-type crust beneath the Iceland-Faeroe Ridge, continental crust beneath the Faeroe Islands and thin, possibly oceanic, crust beneath the Faeroe-Shetland Channel (e.g., 43, 48, 49, 61, 65, 67).
The Caribbean project aimed to use refraction methods to determine the crustal and upper mantle structure of a broad 'corridor' of the Lesser Antilles island arc-a deep sea trench system in a region where gravity and magnetic surveys had already been carried out. The project was again in collaboration with the Hydrographic Department of the Royal Navy, using HMS Hecla as part of the Cooperative Investigations in the Caribbean and Adjacent Regions (CICAR) programme, and the arrivals from depth charges exploded at sea were recorded by stations on land and by the National Oceanographic Atmospheric Administration (NOAA) ship M/V Discoverer. This project was also successful, defining as it did the top of the westward subducting South American plate beneath the 200 km-wide accretionary wedge complex of Barbados, the lateral variation in the P-wave velocity structure of the arc and the structure of the enigmatic arc-parallel Aves Ridge to the west of the arc (42).
Gravity and magnetic interpretation methods
Martin long recognized the importance of developing quantitative methods for the geological interpretation of gravity and magnetic anomalies, especially methods to determine the shape, the limiting depth to the top and the slope of the contacts of an anomalous density or susceptibility sub-surface body. His earliest contributions were based on indirect methods of calculating the gravity effect of idealized shapes, such as those described by Heiland (1940) , for rectangular blocks, spheres and vertical and horizontal cylinders (3, 5) and comparing them with observations. Later contributions based on direct methods used the gravity anomaly itself and its derivatives to estimate the limiting depth of an anomalous body, work that was carried out in collaboration with Durham mathematician R. A. Smith (4). Such methods proved particularly useful in justifying the drilling of the Rookhope scientific borehole (9).
For example, in a research note dated October 1960 and published in the Geological Magazine before drilling commenced, Martin boldly predicted that the depth to the top of the Weardale granite probably lay at not more than 609 m below the present surface. The granite was, in fact, encountered in February 1961 at 390 m, so drilling could continue in the granite until July 1961 when it was terminated at a depth of 806 m.
Martin's initial use of the Newcastle-Durham Pegasus computer (ca 1957) was to develop an automatic method to calculate the terrain correction for gravity anomaly reduction (6), followed by the determination of the shape of a sedimentary basin directly from its gravity anomaly (8). The distinction between a buried granite and a sedimentary basin as source of a negative gravity anomaly was a frequent practical problem in geophysics, especially in seacovered regions where there was little other geological control, and so Martin developed a criterion to distinguish between them using the magnitude and sign of the second horizontal derivative of the gravity anomaly and its relationship to a causative body (14). This criterion has been passed on to generations of his research students, a number of whom have used it in their teaching and research.
By the early 1960s, Martin and his research group had amassed a suite of 'in house' computer-based methods for gravity and magnetic modelling of arbitrary-shaped bodies. Initially, indirect methods based on the gravity and magnetic effect of horizontal sheets of density/susceptibility were developed for two-dimensional bodies, similar in principle to those developed by Talwani et al. (1959) and Heirtzler et al. (1962) at the Lamont-Doherty Geological Observatory of Columbia University; then computer-based methods for the gravity and magnetic effect of three-dimensional bodies were developed (15). Fortran versions of Martin's original PL-1 programs (e.g. gravn and magn) were used by generations of UK students in modelling gravity and magnetic anomalies and their geological interpretation.
Subsequently, Martin led efforts to develop novel linear and non-linear inversion methods for the direct interpretation in which gravity and magnetic anomalies themselves are used to infer the shape of a causative body (20, 25, 28, 37, 41, 69, 75). Of particular note was the work of Canadian research student J. Tanner, who had developed matrix methods to iteratively determine the shape of outward sloping granite bodies and inward sloping sedimentary basin bodies for different assumptions of the regional background field and density contrasts between the body and its surroundings directly from observations ( figure 9 ).
An important goal in these studies was to better understand the ambiguity problem in potential field modelling and inversion of anomalies, and at Martin's suggestion this was investigated theoretically by R. A. Smith and by M. Al-Chalabi using a computer-based optimization approach.
Stress in the lithosphere and other geodynamic modelling
Martin had a long-standing interest in the state of stress in the Earth's lithosphere and the information it provided on geodynamic processes, which he attributed to reading E. M. Anderson's book Dynamics of faulting (Anderson 1951 ) while he was a research student at Cambridge. A paper by Hafner (1951) , which showed how the biharmonic equation could be used to study stress systems in the crust, further stimulated his interest.
Martin's first contribution, provoked in a paper by Alwyn Williams (FRS 1967) (1958), was to evaluate a mechanism of oblique-slip faulting that did not involve haphazard changes in the directions of the principal stresses (7). Over the years this paper has been cited more than Figure 9 . An example of the direct interpretation of gravity anomalies over a sedimentary basin in the Gulf of St Lawrence using data from Watts (1972) and matrix methods similar to those developed by Martin and his research students (20, 37). In these methods a gravity anomaly is expressed as an equivalent layer of surface density contrast, which, by assuming the volume density contrast and overall shape of a causative body (i.e. whether it slopes inward as in a basin or outwards as in a granite body), can be used to iteratively estimate its geometry. The figure compares the observed Bouguer gravity anomalies (filled red circles) with the calculated anomaly (black line) based on an assumed regional background field of + 8 mGal, a depth to the top of an inward sloping body of 0.5 km, and a uniform density contrast between the basin and surrounding crustal rocks of −800 kg m −3 . Also shown are the differences between observed and calculated gravity anomalies (black filled circles) and the configuration of the basin for uniform density contrasts of −600, −800 and −1000 kg m −3 . (Online version in colour.) any other of his contributions, which he attributed to it having provided a basis for evaluating stress directions from slickensides on fault surfaces and from earthquake mechanisms. Like J. Barrell, H. (Sir Harold) Jeffreys FRS, R. Gunn and R. I. Walcott before him, Martin recognized the significance of gravity anomalies to the debate concerning the longterm strength of the lithosphere. He noted that the gravity anomaly 'lows' he had mapped over the Irish Sea and attributed to deep sedimentary basins are superimposed on a regional gravity anomaly 'high' of ∼32 mGal, which he interpreted in terms of a thinner or denser crust (18). He was curious whether such mass excesses could be supported by the strength of the lithosphere and so used the magnitude of the high to estimate the loads acting on the crust and mantle and a solution of the biharmonic equation to calculate the associated stress distribution required to support them. He found that the maximum shear stress beneath a surface load of ∼8 MPa (equivalent to a gravity anomaly of 32 mGal) is ∼2.5 MPa, which he argued was insufficient to exceed the integrated strength of the crust and upper mantle. However, if a uniform horizontal tension (or compression) of say 100 MPa is superimposed on the stress induced by the surface load, then the maximum shear stress increases to ∼60 MPa, which might well be sufficient to break the crust and cause normal faulting. He argued that subsurface loads had a critical influence on the tectonics of a region, controlling the location of both the subsidence causing sedimentary basins and the uplift of their flanking regions.
A result in Sneddon (1951) suggested to Martin that Airy isostatic equilibrium in which surface loads were compensated by equal and opposite sub-surface loads could by itself give rise to local stress systems, for example deviatoric tension, in regions of crustal thickness change such as at continental margins and mountain ranges. The result, the theory of which was developed by the Russian geophysicist E. V. Artyushkov (Artyushkov 1973) , was published in Martin's book The interior of the Earth (34). Martin subsequently recognized that the stress distributions that drive plate tectonics and other lithospheric processes, such as extension and sedimentary basin formation, and compression and mountain building, might in fact originate from the isostatic condition.
In the 1960s, the Durham-based engineering geologist R. K. Taylor introduced Martin to the potential of finite element modelling (FEM) to study stress systems in the lithosphere. This provided him with a new way to calculate stress and so he, along with his research students, embarked on an ambitious new programme to use FEM to investigate a wide range of geodynamic problems. Contributions included: passive margins and continental break-up (30, 34, 35, 83, 88) (figure 10); upward stress concentration in the lithosphere (56); continental plateau uplift and rift systems (59, 84) ; mid ocean ridges and the ridge push force (79); subduction zones, the slab pull and trench suction forces (76, 80) ; collision mountain ranges (77); and lithospheric stress and the origin of plate boundary forces in general (66, 78, 86, 87) .
Other theoretical geodynamic work by Martin and his research students included stress diffusion in the lithosphere (40), thermal modelling of the mid ocean ridge magma chamber (54), continental plateau uplift (59) and some flexural studies (81, 85, 94).
The significance of Martin's work on stress in the lithosphere cannot be overstated. The result in (59), for example, that extensional deviatoric stresses could arise from the isostatic condition at elevated plateaus such as the Basin and Range, western US and the East African Plateau, and were large enough to cause graben formation and dyking, paved the way for a number of subsequent studies, including those by P. C. England (FRS 1999) , who applied the model to the Tibetan Plateau (England & Houseman 1988 ). These workers showed that, in the India-Eurasia collisional setting, the extensional stresses were negated by regional compressive stresses, but that convective upwelling could cause the graben formation observed in the plateau and lead, in turn, to the gravitational collapse of mountain belts.
Lithospheric geodynamics and formation of the Earth's main surface features
Most of Martin's research was focused on specific topics, but he also published more general research, which included ideas of various types and literature reviews. A stimulus to this work Figure 10 . An example of a finite element model (FEM) calculation of the magnitude and direction of the principal stresses expected at a rifted continental margin in Airy-type isostatic equilibrium. The combination of a downward-acting surface load with an upward-acting sub-surface load produces a maximum shear stress of ca 40 MPa at depths of ca 10 km, which favours normal faulting and seismicity in the continental crust, but not in the oceanic crust. 10 9 dynes cm −2 = 100 MPa. (Based on (30); published with permission of Elsevier.)
came from his undergraduate teaching of the broad structure of the Earth and the writing of The interior of the Earth (34, 64), which was probably the first textbook on broad Earth structure to incorporate plate tectonics. Other contributions cover mid ocean ridges (17, 54), passive continental margins (e.g., 30, 58, 60, 71, 74, 82), sedimentary basin formation (50-52, 72), upper mantle hot spots (19, 53, 62), continental rift systems (62, 89, 90-93), continental splitting mechanisms (63, 83, 88) and the plate tectonic evolution of the North Atlantic Ocean region (68, 70).
One publication (52) is notable in that it presents a stretching model for the origin of the graben-like subsidence in sedimentary basins. Building on the so-called Vening Meinesz 'wedge model', Martin used thin elastic plate theory to calculate the widths and maximum thickness of sediments expected for different values of the flexural rigidity of the lithosphere, showing that crustal stretching caused by persistent regional tension is an effective mechanism for the formation of graben-type basins and their flank uplifts. He recognized that such a model was limited in that it was unable to explain the post-rift unfaulted sequences of continental margin subsidence, but his work on basin subsidence set the scene perhaps for D. P. McKenzie (FRS 1976) who two years later published his own version of the stretching model in which regional tension thins the crust and lithosphere, causing an initial mechanical subsidence followed by a later thermal subsidence as the thinned and heated crust and lithosphere cools (McKenzie 1978) .
Like his focused papers, Martin's more general studies of geological processes at the Earth's main surface features are lucidly written and simply illustrated. Many of them represent landmarks in their own right, especially in the understanding they provided of the physics of geological processes such as mountain building, granite emplacement and sedimentary basin formation. He combined all the elements of the scientific method by making geophysical observations, constructing physical models to explain them and interpret them geologically. He was a geological geophysicist and his influence on UK geoscience and his students was profound. 
Retirement
Martin took early retirement in 1988, marking it by taking up a visiting fellowship at the Geophysics Division of the DSIR in Wellington, New Zealand. With financial and facility support from the director, F. J. Davey, he was able to use the VAX computer in Wellington to finalize the FEM calculations that he had been carrying out with research students G. D. Waghorn and A. Whittaker of the plate boundary forces and stresses in the downgoing slab at subduction zones. The work provided new insights into the question of why some subduction zones had an extensional basin behind the arc (e.g. Mariana) while others (e.g. Chile) did not (76, 80) . He was also able while at the DSIR to start a project with T. A. Stern (now professor of geophysics, Victoria University, Wellington) on the uplift of the Transantarctic Mountains and the subsidence of the flanking Ross Embayment using the FEM method (81).
Martin went on to publish a remarkable 32 research papers during his retirement, more than half of which he was the sole author. Dominating his research was development work on the FEM method, much of which he carried out on his own. Martin rewrote the original computer code to include viscoplastic as well as viscoelastic behaviour and faults, and to speed up the time-stepping process. The modifications eventually made it possible to model a more realistic lithosphere, including a finite yield strength envelope in which strength increased and then decreased with depth according to the results of experimental rock mechanics, and he applied the model to normal faulting and half graben formation (95, 98, 100) (figure 11), the mechanics of isostatic adjustment (96) and thrust faulting and foreland basin formation (97) .
Other work included the editing of a number of books of past papers for Elsevier on rifted continental margins and potential field methods (89) (90) (91) , two papers with G. R. Keller on the Baikal and East Africa rifts (92, 93) and one paper with his daughter Jacqueline on Cenozoic uplift and mantle 'hot spots' beneath the British Isles (99) .
Perhaps most satisfying of all to Martin was his final paper, which he wrote with F. W. Smith (101), a consultant economic geologist who had completed his PhD at Durham in 1974 under the tutelage of R. Phillips. In the paper, Martin returns to the question that he (along with A. Holmes and K. C. Dunham before him) had grappled with at the start of his career on the relationship between the sub-surface Weardale granite and the northern Pennines orefield. Uranium-lead dating of the granite recovered in the Rookhope borehole yielded an Early Devonian (ca 400 Ma) age, yet the mineralization of the overlying Late Carboniferous sediment was Early Permian (ca 292 Ma). The large age difference was unexpected (at least to Dunham) and posed a question of how to explain the close spatial correlation between the Bouguer gravity anomaly 'low' mapped by Martin and the fluorite and barite zone mapped by Dunham. Martin and Smith offer an explanation. They noted the mineralization is similar in age to the Whin dolerite sill and its associated dykes, which extend over much of the Northumberland and Durham coalfield and is the source of the short wavelength magnetic anomalies mapped by Martin on the Alston block (21). Martin and Smith proposed therefore that sometime after sill/dyke emplacement, the Weardale granite was underplated by magmatic material, the excess heat from which was carried upwards through joints in the granite by convection. The newly established convection cells drew in brines from adjacent basins and hot mineralizing fluids were able to flow upwards and into the overlying Carboniferous sediments to deposit the fluorite, and then outwards, beyond the edge of the granite to deposit the barite, thereby explaining the spatial and temporal association of the Bouguer gravity anomaly 'low', the mineralization and granite emplacement.
Students
Martin was instrumental in establishing an MSc advanced course in geophysics and an honours course in geology and geophysics at Durham that became one of the larger sources of professional geophysicists in the UK. Most graduates from these courses have pursued careers in petroleum exploration or university teaching at home and abroad.
Martin supervised some 45 research students and once said that they were the main stimulus of his own research. All but three obtained their PhD degrees. Three were Commonwealth scholars and several others Shell scholars. They all had geophysical projects apart from one in structural geology (P. L. Hancock, later professor of neotectonics at Bristol). Nearly all his research students went on to successful careers in geophysics, with the majority working in the oil and gas industry, especially Shell and BP. At least four enjoyed successful careers in national geological surveys and four went on to professorships of geophysics, three of whom served as heads of department (Watts at Columbia, Westbrook at Birmingham and Kusznir at Liverpool).
Other activities
A strong influence in Martin's life was his Christian faith. His experiences are briefly described elsewhere (see (126) in the full bibliography online), starting with regular reading of the New Testament and leading up to an experience of commitment to Jesus Christ during a mission led by the Reverend J. Stott, Rector of All Souls Church in the West End of London, when he was a second year research student at Cambridge. As he did not take the early chapters of Genesis as a literal account of creation, but rather as truth revealed through poetry and narrative, Martin never felt any serious conflict between science and his Christian faith.
Martin was an active member of St Nicholas Church, in the marketplace in Durham city for more than four decades. A significant number of the members are scientists, engineers (several of both teaching in the university) and doctors. He was an Anglican lay reader from about 1958, and from 1995 to 1999 was treasurer of the church. Martin and Joyce were also associated with their local parish church, St Mary's in Shincliffe, especially for the evening service on Sundays.
As mentioned previously, a central interest of Martin in his late teens and early twenties was mountaineering and exploration, and at Cambridge he was a keen (but by his own admission not very proficient) member of the mountaineering club, involved in rock climbing meets in Wales and the Lake District and two climbing excursions with undergraduate friends to the Alps during summers when he was not in Spitsbergen. Although he dropped serious rock climbing in about 1953, he continued to enjoy mountain walking both at home and abroad (figure 12). While in New Zealand he completed the Routeburn and Milford Tracks in Fiordland, South Island. The most difficult climb he did in New Zealand was over a glacier on Mt Cook, which involved two nights in mountain huts. 
